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A B S T R A C T
The Amaryllidaceae alkaloids e.g. galanthamine (Gal), lycorine and narciclasine are noted for their pharma-
ceutical properties. Gal is a long acting, selective, and competitive acetylcholinesterase inhibitor approved for
the treatment of early to mid-stage Alzheimer's diseases. The biosynthesis of alkaloids by plants using in vitro
systems has been considered as a tool for drug discovery and production since total chemical synthesis is not
economic. The biosynthetic pathways, especially for Gal, are starting to be understood, but still far from com-
plete. This study is emphasised on the yield from whole plant and developing cell culture systems for optimized
alkaloid production.
In vitro cultures of Narcissus pseudonarcissus (cv. Carlton) initiated from twin-scale explants cultured on
Murashige and Skoog (MS) agar medium fortified with different concentrations of growth regulators, were
screened for their ability to produce alkaloids through GC–MS (gas chromatography-mass spectrophotometry).
Callus obtained mainly from the MS medium containing high concentration of auxins i.e. 20 mg/l NAA
(naphthalene acetic acid), while media with low auxin (4 mg/l NAA) and MS basal medium gave bulblets with
both white and green shoots. Regenerated bulblets developed from callus found in both high and low auxin MS
media. Tissue culture derived materials (callus and bulblets) and field grown samples (bulb, basal plate and
leaves) from 'Carlton' were analyzed for galanthamine content. The highest amount of galanthamine was ob-
tained from basal plate tissue followed by bulb tissues, leaves, bulblets with green shoots, bulblets with white
shoots and regenerated bulblets. Trace amount of galanthamine was found in callus.
An NMR (nuclear magnetic resonance) based metabolomic analysis showed that the relative concentrations of
compounds involved in phenylalanine and tyrosine metabolism, the initial stage biosynthetic pathways that
yield the Amaryllidaceae alkaloids, were higher in field samples than in vitro samples which support the GC–MS
findings of high Gal production in field samples.
1. Introduction
Plants always have been the main source of alkaloids although
chemical synthesis has been achieved (Satcharoen et al., 2007). Due to
the increased demand for galanthamine and the limited availability of
plant sources, in vitro culture has attracted the attention of researchers
as an alternative approach for the sustainable production of Gal (Pavlov
et al., 2007). In vitro tissue and tissue-based systems have been ex-
tensively used for the production of quality plant materials (Giri et al.,
2012) with continuous, sustainable, and economically viable produc-
tion of natural compounds including secondary metabolites (Verpoorte
et al., 2002; Dias et al., 2016). Considerable efforts have been devoted
to establish in vitro production of plant secondary metabolites from
undifferentiated callus or suspension culture, but the commercial suc-
cess has been very narrow (Bogdanova et al., 2009; Georgiev et al.,
2012; Schumann et al., 2012). Low yield of secondary metabolites in in
vitro cultured plants are due to brief stationary phase and inhibition of
the action of enzymes, normally present in mature plants (Muhitch and
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Fletcher, 1985).
The monocotyledon family Amaryllidaceae contains 75 genera and
about 1100 species including well-known ornamentals such as the type
genus Amaryllis, Galanthus (snowdrops) and Narcissus (daffodils) (Takos
and Rook, 2013) as well as the most widely considered medicinal plant
families (Jin and Xu, 2013). The alkaloids found in Amaryllidaceae
plants are known as Amaryllidaceae alkaloids (Bastida et al., 2006)
namely lycorine, homolycorine, haemanthamine, tazettine, narcicla-
sine, montanine, and galanthamine. Studies have been made into the
biosynthesis of Amaryllidaceae alkaloids belonging to twelve different
ring type subgroups (Jin and Xu, 2013). All Amaryllidaceae alkaloids
are derived from the aromatic amino acids phenylalanine and tyrosine,
which produce the common precursor 4′-O-methylnorbelladine and the
cyclisation of the precursor by three alternative ways of CeC phenol
coupling viz.ortho-para', para-para', and para-ortho' lead to Amar-
yllidaceae alkaloids (Takos and Rook, 2013). If the biosynthetic
pathway of plant derivatives is understood it is possible to determine
starting substances (Singh et al., 2018) and use insights from enzymatic
pathways for in vitro chemical synthesis (Leonard et al., 2009).
In addition to their ornamental properties, Narcissus contains more
than 20 alkaloids with pharmaceutical properties (Bastida et al., 2006;
Lubbe et al., 2011). Galanthamine is usually reported as the major al-
kaloid in the bulbs of Narcissus followed by haemanthamine, lycorine,
lycoramine and O-methyllycorenine (Lubbe et al., 2013; Torras-
Claveria et al., 2013). Galanthamine was first isolated from Galanthus;
commonly known as snowdrops, Leucojum aestivum (snowflakes) is an
industrial source of Gal in Eastern Europe (Berkov et al., 2013), and
currently is extracted from plants such as daffodils (Narcissus cultivar
Carlton), Lycoris radiata, Ungernia victoria and alternatively by chemical
synthesis (Berkov et al., 2014). Amaryllidaceae alkaloids possess a
number of pharmaceutical properties like inhibitor of acet-
ylcholinesterase and ascorbic acid biosynthesis, cytotoxicity, anti-
cancer, anti-tumour, and anti-viral activities (Tahchy et al., 2010).
Galanthamine, lycorine, anhydrolycorine, crinine, demethylmarti-
dine and narwedine were found to be present in in vitro cultures of
Narcissus pseudonarcissus and other Amaryllidaceae species through
GC–MS screening (El Tahchy et al., 2011). The establishment of in vitro
culture in Narcissus is often difficult due to a high rate of contamination
in cultures initiated from explants originated from underground plant
parts (Sochacki and Orlikowska, 2005), strong bulb dormancy and low
speed of propagation (Seabrook et al., 1976). Different explants, in-
cluding leaf base, leaf lamina, scape (flower stem), bulb scale, young
anther, terminal bulb unit, and twin-scale with basal plate tissues have
been used for Narcissus cell differentiation and regeneration. Among
them twin-scale has been found to have the highest success rate (Anbari
et al., 2007; Abu Zahra and Oran, 2007). Appropriate concentrations
and combinations of different growth regulators, sucrose concentra-
tions, and elicitor treatments reported as mandatory for the production
of secondary metabolites in plant cell culture (Codina, 2004; Singh and
Chaturvedi, 2012; Ivanov et al., 2013).
Metabolomic studies have provided new knowledge about the dy-
namics of secondary metabolite production in plants (Matsuda et al.,
2010). The metabolomic platforms can be grouped into three groups,
based on their underlying principles namely, chromatographic methods
(gas or liquid chromatography, capillary electrophoresis, thin layer
chromatography), mass spectrometry and nuclear magnetic resonance
(NMR) spectroscopy (Kim et al., 2006).
Mass spectrometry-based metabolomic analysis has been primarily
chosen due to its selectivity, sensitivity, comprehensiveness, and rela-
tively low cost (Zhao et al., 2013). However, another important cri-
terion for developing a metabolomics platform is the ease and time
needed for sample preparation as well as metabolite identification and
quantitation (Verpoorte et al., 2007). NMR-based analyses, when
compared with chromatographic techniques are highly reproducible,
rapid, and require very simple sample preparation (Van Der Kooy et al.,
2009). The spectrum can provide detailed structural information on
metabolites, including chemical shifts and coupling constants (Zhi
et al., 2012). Secondary metabolites can be directly observed in NMR
spectra obtained from plant tissues (Schripsema et al., 2007) including
crude extracts of cell cultures (Schripsema, 2010).
In this study, a novel workflow is presented to describe Narcissus
tissue culture approach for the synthesis of bioactive alkaloids, mainly
galanthamine in different tissue types including field grown plant tis-
sues with a simple and rapid GC–MS metabolic profiling (Berkov et al.,
2011) and NMR based metabolomics for other small metabolites (Kim
et al., 2006).
Fig. 1. Transverse and lateral sections of Narcissus bulb showing main and lateral buds and different bulb scales as well as branching systems bulbs with roots (field
sample). Scale bars: 1.5 cm.
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2. Materials and methods
2.1. Tissue culture
2.1.1. Plant materials
Narcissus bulbs from variety 'Carlton' were used, supplied by New
Generation Daffodil Ltd, UK. The bulbs were harvested in June after
flowering senesced, and bulbs between 55 g and 60 g each, were
carefully selected for tissue culture. Representative underground bulb
showing buds, bulb scales, and branching pattern is shown in Fig. 1 (the
bulbs must be 5 years old plus could flower). Bulbs were kept under
cold treatment (4 °C) for at least one month to break the bulb dormancy
before hot water treatment (45 °C, 52 °C and 54 °C, for 1–2 h) and
surface sterilization was performed using Domestos bleach solution (20
%) for 30 min and rinsed (3×) with sterile distilled water. The disin-
fected bulbs were cut as twin-scale (cut from the basal part of bulbs
with 2 or 3 scales of 0.8–1.0 cm in size) in a laminar hood to initiate
tissue cultures. Autoclaving, alcohol and flame sterilization were used
to sterilize the forceps, needles and scalpels to cut the twin-scale ex-
plants.
2.1.2. Culture media and culture condition
Two twin-scale explants were inoculated per Petri plate onto three
different types of MS (Murashige and Skoog, 1962) media; MS basal
medium (4.3 g/l MS powder, 50 g/l sucrose and 8 g/l agar), MS basal
medium supplemented with yeast extract (100 mg/l), ascorbic acid (50
mg/l), polyvinylpyrrolidone (30 mg/l), kinetin (0.5 mg/l), benzyl
amino purine (BAP) (1.5 mg/l) and 20 mg/l naphthalene acetic acid
(NAA) (MSM1) or 4 mg/l NAA (MSM2). The media pH was adjusted to
5.6–5.8 with 1 M NaOH or HCL prior to autoclaving (121 °C, 108 kPa
and 30 min). All growth regulators and ascorbic acid were filter-ster-
ilized (0.22 μm) and added to the sterilized media. Petri plates were
sealed with a single layer of parafilm and incubated in a culture room
(24± 2 °C, 12 h photoperiod). MS media, ascorbic acid and all the
growth regulators were purchased from Duchefa Biochemie (Nether-
lands), polyvinylpyrrolidone from Sigma-Aldrich (UK) and yeast extract
from Thermo Scientific (Germany). All the tissue culture materials were
maintained for three to six months by sub-culturing every three weeks
until an adequate amount of materials was achieved for alkaloid ana-
lysis (GC–MS) and metabolomics (NMR). The complete protocol for the
tissue culture of Narcissus is represented in Fig. 2.
2.1.3. Calculations and data interpretation
The results of bulb treatment (Fig. 3), in vitro tissue responses
(callus, direct bulblets, regenerated bulblets) (Fig. 5) are represented in
total number of explants responded to callus/regenerated bulblets/di-
rect bulblets/contaminated/senesced to the total number of explants
under treatments (temperature or media). As for example, the percen-
tage of explant, regenerated bulblets (RB), direct bulblets (DB) and
number of explants contaminated were calculated based on the number
of explants developed to callus or direct bulblets or regenerated bulblets
to the total number of explants or callus incubated on the respective
media (MS, MSM1 and MSM2) and number of explants under tem-
perature treatments (45 °C, 52 °C and 54 °C, for 1–2 h).
Representative equations are as follows:
= ×Percent(%) ofexplantscontaminated totalnumberofexplantscontaminated
totalnumberofexplantsintemeraturetretments
100
= ×Percent(%) ofcallus totalnumberofcallusobtainedfromexplantsgrownonMSM1orMSM2
totalnumberofexplantsincubatedinMSM1andMSM2
100
= ×Percent(%) ofRB totalnumberofRBobtainedfromcallusincubatedonMSM1orMSM2
totalnumberofcallusincubatedinMSM1andMSM2
100
= ×Percent(%) ofDB totalnumberofDBobtainedfromexplantsgrownonMSorMSM1orMSM2
totalnumberofexplantsincubatedinallthreemedia(MS, MSM1, MSM2)
100
2.2. Quantification of gal through GC–MS
2.2.1. Plant materials
Leaves, dormant bulbs (harvested in June to July), bulbs harvested
after flowering (harvested in April to May) and basal plate tissues of
dormant and harvested bulbs from field grown 'Carlton' including all
tissue culture derived materials were harvested, weighed and stored at
−80 °C until final extraction. Carlton bulb tissues were used as control
for all sample extractions.
2.2.2. Sample preparation
For alkaloid extraction 100 mg frozen plant material was placed in 2
ml microfuge tube with 500 μl methanol (HPLC grade, Fisher Scientific,
UK) and homogenized for 2 × 60 s (Pellet Pestle 1.5 ml Stainless Steel
Pk1 with pestle motor, Kimble Chase, USA). Another 500 μl methanol
was added and after vortexing for 30 s samples were incubated for 5 h
at room temperature assisted by an ultrasonic bath (Grant Instruments
Ltd. England) for 15 min of every 30 min. After extraction, the samples
were centrifuged at 12,000 g for 1 min then 500 μl supernatant was
removed slowly without disturbing the pellet to a labelled 2 ml glass
vial (Thermo Scientific, Germany). The freshly prepared samples (65 μl)
were directly transferred to the GC–MS vial (Chromacol Ltd. USA) with
2 μl (5 μg/μl) codeine for analysis. Each alkaloid extract was analyzed
in triplicate.
2.2.3. Standard solution preparation
Galanthamine (Gal) was used as an external standard (ES) and co-
deine (Cod) was used as internal standard (IS) (Sigma-Aldrich, UK).
Standard solutions of three different galanthamine concentrations (0.1
mg/ml, 0.05 mg/ml and 0.01 mg/ml) along with codeine (5 mg/ml)
were used to obtain the calibration curve for method validation. Each
standard concentration was used in three replicates for the Gal peak
areas in total ion current (TIC) mode.
2.2.4. Chromatographic conditions
The GC–MS mass spectra were recorded on a Micromass GCT in-
strument (Waters Ltd. UK) operating in positive ion EI (Electron
Ionization) mode with a source temperature of 180 °C and ionization
energy of 70 eV. The chromatography column used was a non-polar
general purpose BPX5 (30 m ×0.25 mm ×0.25 μm) (SGE Analytical
Science). The temperature program was: 70 °C for an initial time of 2
min then an increase of 10 °C min−1 to 320 °C held for a final time of 8
min. The flow rate of the carrier gas (helium) was 0.7 ml min−1. The
injection temperature was 250 °C and the splitless injection mode was
used. Aliquots of the extract solutions (1 μl) were injected.
2.2.5. GC–MS analysis
Samples were analyzed in the Centre of Proteome Research;
University of Liverpool using GC–MS. Automated injection of samples
to the Micromass GCT instrument was performed. All samples were run
in a total of seven batches, including 24 samples in a single batch.
Standards were run with each batch of samples including at the start, in
the middle after 12 samples and at the end of 24 samples.
2.2.6. Calculations and data interpretation
The equations generated from the calibration curves (Section 3.4,
Fig. 6) of Gal standards (ES) were used to calculate the amount of ga-
lanthamine from all sample extracts. As the calibration curve analysis
was based on external standards (Gal); therefore calculations were
more accurate and reproducible than internal standard (Cod) equations.
The amount of galanthamine was calculated based on fresh weight
(FW). Calibration curves and GC–MS chromatogram graphs were gen-
erated using Microsoft Excel 2010 and used to calculate the molarity of
the samples. These molarities were then converted to the Gal content
(μg) of per g fresh weight plant material. The amount of Gal have been
converted and represented in μg Gal/g (FW) in result section.
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2.3. Metabolites identification through NMR analysis
2.3.1. Plant materials
Bulb and basal plate tissues from four different Carlton bulbs, calli
from high auxin media, direct white shoot, green shoot and regenerated
white shoot (Section 3.2, Fig. 5) including three replicates for each
sample were selected for sample preparation.
2.3.2. Sample preparation
Fresh ice-cold solvent solution was prepared with 50 % HPLC grade
acetonitrile and 50 % double distilled water. 500 μl ice-cold solvent
solution was added to all 1.5 ml microfuge tubes with ∼20 mg frozen
samples. The microfuge tubes were placed in an ice bath and sonicated
with a probe sonicator (Soniprep 150 plus, MSE, UK) to disrupt cellular
membranes for 3 bursts of 30 s at 10 kHz to prevent heating. After
vortexing for 1 min the materials were centrifuged at 12,000 g for 10
min at 4 °C and the supernatant was collected, flash frozen in liquid
nitrogen and lyophilized overnight in Freeze Dryer Lyolab 3000,
Thermo Fisher Scientific, UK (Beckonert et al., 2007).
Stock phosphate buffer was prepared with 8 ml, 1 mM sodium
phosphate pH 7.4, 80 μl of 100 mM tri-methylsilylpropanoate (TSP), 80
μl, 1.2 mM NaN3 and made to a final volume of 80 ml with 100 % 2H2O.
700 μl of stock phosphate buffer was added to each microfuge tube
containing frozen lyophilized samples, vortexed for 1 min and was
centrifuged at 12,000 g for 2 min at room temperature. 600 μl of su-
pernatant from each sample was removed without disturbing the
sample pellet and pipetted carefully into 5 mm NMR tubes (Sigma
Aldrich, UK) (Lubbe et al., 2013). The NMR Centre, University of Li-
verpool, supplied all chemicals (Sigma Aldrich, UK) and instruments to
run this experiment.
2.3.3. NMR measurement
NMR spectra were acquired on a Bruker 600 MHz spectrometer
(Coventry, UK), equipped with a TCI cryoprobe and Sample Jet auto
sampler. Temperatures were calibrated to 25 °C within a margin of 0.2
°C for each experiment. The experiment was optimized by lock, tune
and shim to achieve the best baseline and water suppression possible
for each sample. Two 1H-1D NMR experiments, Carr-Purcell-Meiboom-
Gill (CPMG) and Nuclear Overhauser Effect (NOE) (Kim et al., 2010)
were collected for each sample. The NOE displayed 1H from both large
and small molecules present in the extract. The CPMG, however, se-
lected for 1H resonances from small molecules (typically< 500 Da)
only. For each experiment 128 scans were recorded using the following
parameters: 0.15 Hz/ point, pulse width (PW) 8−9 μs, spectral width of
18.00 ppm and relaxation delay (RD) = 4.0 s. TSP (trimethylsilylpro-
panoic acid) (0.05 %, w/v) was used as the internal standard for 2H2O
(Lubbe et al., 2013).
2.3.4. Data processing and multivariate data analysis
NMR spectra were analyzed using AMIX software (Topspin, Bruker)
to view and compare spectra by creating pattern files. The region δ
4.7–6.2 ppm was excluded from the analysis because of the presence of
signal from residual water. After bucketing, the intensities of signals in
each bucket were calculated by dividing signal intensities by the re-
lative intensity to a reference area (single peak at 0 ppm from reference
compound TSP). Pattern files of identified metabolites with their
Fig. 2. Flowchart showing complete procedure and timing of Narcissus tissue culture from twin scale explant.
Fig. 3. Effect of temperature pre-treatments (45 °C for 2 h; 52 °C for 1 h and 54
°C for 1 h) after 10 weeks of incubation on MS, MS with high NAA (20 mg/l)
and low NAA (4 mg/l) media.
A. Ferdausi, et al. Industrial Crops & Products 144 (2020) 112058
4
corresponding 1H chemical shifts (ppm) were generated.
MetaboAnalyst (Xia et al., 2015) was used for univariate analysis (one-
way ANOVA and post-hoc analysis) and multivariate analysis (PCA) to
process the NMR spectra.
3. Results and discussion
3.1. Establishment of culture condition
Initially six Carlton bulbs were used to establish suitable culture
conditions; two bulbs (48 twin-scale explants) for each temperature
treatment (45 °C for 2 h, 52 °C and 54 °C for 1 h) were used. After hot
water treatment and surface sterilization, twenty-four twin-scale ex-
plants were cut from each disinfected bulb and incubated up to 10
weeks on MS basal, high auxin (20 mg/l NAA) and low auxin (4 mg/l
NAA) media. Data were collected and recorded after two weeks of in-
cubation (24±2 °C, 12 h photoperiod) and continued for another six
weeks on a regular basis checking all the cultured plates containing
twin-scale explants.
From Fig. 3, it was observed that 52 °C; 1 h gave the best results as
the amount of contamination as well as senescence of explants was the
lowest. The largest proportion of explants (37.5 %) developed as callus
or bulblets (successful growth). Results were pooled from the three
media for this comparison.
High level of contamination was observed in bulbs treated at the
lower temperature of 45 °C, while at the higher temperature of 54 °C,
although contamination was reduced, many explants were senesced
(Fig. 3). Therefore, 52 °C, 1 h was selected for bulb treatment. Similar
bulb treatments were reported in previous studies; hot water treatment
of Narcissus bulbs prior to surface sterilization with bleach solution has
been reported as a mandatory step to reduce contamination in culture
condition (Sochacki and Orlikowska, 2005; Abu Zahra and Oran, 2007).
Sochacki and Orlikowska, 2005, used 54 °C, 1 h for the treatment of N.
tazetta bulbs in their study, while in the current study this resulted in
higher senescence. On the other hand, pre-culture treatment with low
temperature for longer duration (44.4 °C, 3 h) has been used for Carlton
bulb sterilization (Abu Zahra and Oran, 2007) that showed higher
contamination of explants in this study.
Results indicated that the moderate temperature (52 °C, 1 h) is the
most suitable one for bulb treatment, as high temperature might kill the
cells (most explants senesced) and a lower temperature is not enough to
kill contaminants in the tissues (most explants contaminated).
3.2. In vitro tissue differentiation of twin-scale explants
Twenty-five Carlton bulbs were used to initiate in vitro culture from
twin-scale explants (24 twin-scales per bulb) (Fig. 4A). Among the 24
twin-scale explants obtained from each bulb, 12 twin-scales were cul-
tured on MS basal media, 6 on high auxin, and 6 on low auxin media,
incubated at 24±2 °C, 12 h photoperiod.
After about four weeks of culture initiation, some explants had de-
veloped into undifferentiated callus (Fig. 4B). In addition, explants
Fig. 4. Tissue culture derived samples from N. pseudonarcissus cv. Carlton: twin-scale explant with small bulblet (A) from MS basal medium after 4 weeks, callus (B)
from high auxin medium after 8 weeks, white bulblets directly grown from the base of twin-scale (C) from low auxin medium after 8 weeks, small bulblets with green
and white shoots (D) from MS basal medium after 12 weeks, bulblets regenerated from callus differentiation (E) on high auxin medium after 14 weeks and bulblets
with roots (F) from MS basal medium after 16 weeks of incubation. Scale bars: 0.5 cm.
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started to give rise to small bulblets with white (Fig. 4C) and green
shoots (Fig. 4D) directly from the base of a scale, hence named direct
bulblets or direct shoots. Calli were sub-cultured on the same media of
calli induction. After another six weeks some callus developed into
regenerated bulblets (Fig. 3E). A very few bulblets with roots (16
bulblets with 55 roots) from 11 explants were also obtained from MS
Fig. 5. Response of twin-scale explants to different media combinations and bulbs: (A) callus induction after 12 weeks; (B) callus differentiation to regenerated
bulblets after sixteen weeks and (C) direct bulblets initiation from twin-scale base after twelve weeks of incubation. Multiple bars indicating the response of bulbs in
multiple media with the absence of bars indicating no callus or bulblets were obtained, due to either contamination or senescence.
Fig. 6. Representative calibration curve of galanthamine standards for first
batch of samples showing galanthamine molarities versus Gal peak area.
Table 1
Amount of Gal in N. pseudonarcissus cv. Carlton field samples (n = 3
individual bulbs).
Field samples μg Gal/g FW±SD
Harvested bulb tissue 1110±0.009
Harvested basal plate tissue 1250±0.005
Leaf tissue 420±0.007
Dormant bulb tissue 960±0.015
Dormant basal plate tissue 830±0.017
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basal medium (Fig. 4F). Callus induction, somatic embryogenesis, and
organogenesis from twin-scale explants have been successful in several
Narcissus species (Sharma and Kanwar, 2002; Yanagawa, 2004).
3.3. Effect of different media and growth regulators on tissue differentiation
The percentage of callus, direct bulblets and regenerated bulblets
were calculated from the number of explants developed to callus or
direct bulblets or regenerated bulblets to the total number of explants
incubated on media (MS or MS with high auxin or MS with low auxin)
(Section 2.1.3). MS basal and modified MS media with both high and
low auxin were tested for callus induction. Carlton twin-scale explants
completely failed to induce callus on MS medium (without growth
regulators) which was previously reported in N. confusus in vitro cul-
tures from media lacking auxins (Selles et al., 1999). Therefore, data
presented in Fig. 5 A includes callus from high and low auxin media. In
both media, callus initiation from twin-scale started about 2–3 weeks
after culture initiation but better callus formation was recorded after
8–12 weeks from high auxin medium (67 % of total explants cultured
on both media) than the low auxin medium (13 % of total explants
cultured on both media) (Fig. 5A). Some recent studies showed the si-
milar findings; MS medium containing high auxin was the most suitable
medium for callus induction and proliferation derived from bulb ex-
plants of N. tazetta var. italicus (Taleb et al., 2014). That suggests
growth regulators are mandatory for cell growth and differentiation
(George et al., 2008) and higher concentration of auxins often facilitate
the callus formation.
After being on induction media, MS with high and low NAA for ten
weeks and regular sub-culture for every 3–4 weeks on same media, calli
started to form small white bulblets after another six weeks. Calli re-
generated into bulblets with white shoots in both high auxin (45 % of
total calli inoculated on both media) and low auxin (52 % of total calli
inoculated on both media) media as illustrated in Fig. 5B. The presence
of growth regulators was also necessary for callus differentiation; si-
milar findings showed that no differentiation was observed in MS basal
medium deprived of growth regulators in N. pseudonarcissus (El Tahchy
et al., 2011).
Fig. 5C shows that the initiation of small bulblets directly grown
from the base of twin-scale explants, was influenced by low con-
centration of auxin (51 % of total explants inoculated in all three
media) and MS basal medium (48 % of total explants inoculated in all
three media). Whereas, a lower percentage (11 % of total explants in-
oculated in all three media) were obtained from high auxin medium
(Fig. 5C). The best result for shoot proliferation was also previously
reported in MS medium supplemented with low auxin, especially a NAA
to a high cytokinin from in vitro bulb scale culture of N. asturiensis
(Santos et al., 2002).
In addition, green (total 51 shoots) and white (total 160 shoots)
shoots were found in bulblets grown from MS basal and the low auxin
medium, whereas the high auxin medium did not give any green shoots,
Table 2
Amount of Gal in N. pseudonarcissus cv. Carlton tissue culture derived samples
(n = 3 individual bulbs).
Tissue culture derived
samples
Bulbs No. Media μg Gal/g FW
±SD
Callus Bulb 1 MS with high NAA 1.0± 0.0001
Bulb 2 (20.0 mg/l) 7.0± 0.0007
Bulb 3 7.0± 0.0005
Callus Bulb 4 MS with low NAA 0.0± 0.0
Bulb 5 (4.0 mg/l) 0.0± 0.0
Bulb 6 0.0± 0.0
Regenerated white shoots
from callus
Bulb 4 MS with low NAA 50.0±0.002
Bulb 5 (4.0 mg/l) 40.0±0.002
Bulb 6 0.0± 0.0
Direct bulblets from twin-
scale
Bulb 1 MS basal 90.0±0.008
Bulb 2 10.0±0.007
Bulb 3 215±0.030
Direct white shoots from
twin-scale
Bulb 2 MS with low NAA 10.0±0.0001
Bulb 3 (4.0 mg/l) 30.0±0.0001
Bulb 6 10.0±0.0001
Green shoots (Direct shoots) pooled MS basal 130.0± 0.006
Green shoots (Direct shoots) pooled MS with low NAA
(4.0 mg/l)
97.0±0.010
Roots pooled MS basal 0.0± 0.0
Bulbs are numbered consecutively to show the different materials obtained
from the same bulb, e.g. callus and direct bulblets from twin-scale, represented
in table for bulb 1 were obtained from the same bulb. The zero values (μg Gal/g
FW±SD) are not due to issues with the culture samples, the cultures were
healthy but did not produce any galanthamine.
Table 3
Metabolite groups of interest identified within at least one N. pseudonarcissus field or tissue culture derived sample (ChenomX Inc. Canada databases).
Metabolite Groups Metabolites (in tissuesdetected)
1. Amino acids 3-Chlorotyrosine (RWS, CBS) β-Alanine (TC, CB, CBS) N6-Acetyl-L-Lysine -lysine (CBS)
4-Aminobutyrate (CBS, RWS) Creatine (TC, CB, CBS) Pantothenate (CB, CBS, RWS)
L-Arginine (RWS, CAL, CB) Glutamate (RWS, DWS, CB) L-Proline (TC, CB, CBS)
Alanine (RWS, CB) Glutamine (RWS, CB) Pyroglutamate (RWS, CB)
5-Hydroxylysine (TC, CBS) Histidine (CBS) Sarcosine (CB, CBS)
Anserine (TC, CB,CBS) Homocitrulline (CBS, RWS) Threonine (CB, CBS, CAL, RWS)
Asparagine (RWS, CB, CBS) Isoleucine (CB, CBS, RWS) Tyrosine (TC, CB, CBS)
Betaine (RWS, CAL) Leucine (RWS, CB, CBS) Valine(CB, CBS, RWS, CAL)
2. Amines (derivatives of ammonia) 5-Aminolevulinate (CB, CBS, RWS) Carnitine (RWS, CAL, CBS) Serotonin (RWS, CB, CBS)
4-Pyridoxate (RWS, CBS) Choline (CAL, CBS, RWS) Trigonelline (TC, CB, CBS)
Cadaverine (RWS) Creatine (TC, CB, CBS) Trimethylamine (CB, CBS)
Histamine (CBS) Tyramine (TC, CB, CBS)
3. Aromatics Anserine (TC, CB, CBS) Indoleacetic acid (CBS) Serotonin (RWS, CB, CBS)
Histidine (CBS) Mandelate (CBS) Methylhistidine (CBS)
Imidazole (CBS) Melatonin (CBS)
4. Phenols Chlorogenate (CB, CBS) Salicylate (CBS) Vanillate (TC, CB, CBS)
Homovanillate (CB, CBS) Thymol (TC, CB, CBS)
5. Carbohydrate metabolism D-Fructose (CAL, CBS, RWS) Glucose-6-phosphate (CAL, CBS, RWS) Maltose (CAL, CBS, RWS)
L-Fucose (RWS) Lactose (CAL, CBS, RWS) Ribose (CAL, CBS, RWS)
Glucose (CAL, CBS, RWS) Sucrose (CAL, CB, CBS, RWS)
6. Phenylalanine and tyrosine metabolism Tyramine (TC, CB, CBS) 3-Hydroxymandelate (CB, CBS) Homovanillate (CB, CBS)
Tyrosine (TC, CB, CBS) 3-Phenylpropionate (TC, CB, CBS) p-Cresol (TC, CB, CBS)
3-Chlorotyrosine (RWS, CBS) Succinylacetone (TC, CB, CBS)
CB = Carlton bulb, CBS = Carlton basal plate, CAL = callus, RWS = regenerated white shoot, DWS = direct white shoot, GS = green shoot, TC = RWS, DWS and
GS.
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only white shoots (total 76 shoots) were obtained. Rooted plantlets
(Fig. 4F) were obtained from MS basal media. Similar findings on shoot
and root development were reported previously in Narcissus (Abu Zahra
and Oran, 2007; Anbari et al., 2007).
3.4. Calibration curve analysis for Gal quantification in field and in vitro
tissues
The calibration curves were prepared plotting the Gal peak areas
versus Gal molarities (0.0002671 M, 0.0001336 M and 0.00002671 M).
Standards were analyzed with the samples and showed high linearity
over the range of Gal molarities (0.0002671 M to 0.00002671 M) with
correlation coefficient (r2) of 0.902 to 0.954 across the batches of field
and in vitro plant tissues. A typical linear regression equation for stan-
dards is shown in Fig. 6, where x represents Gal molarities and y is the
total Gal peak area.
Similar calibration methods have previously been used for alkaloid
extractions in Narcissus (Berkov et al., 2011; Torras-Claveria et al.,
2013). Galanthamine has been identified in more than 100 species of
Narcissus by a calibration curve method using galanthamine standards
(1−100 μg/ml) standardized with codeine (Torras-Claveria et al.,
2013).
The galanthamine content from methanol extracts of field and in
vitro samples were analyzed using GC–MS and the Gal amounts (Tables
1 and 2) were calculated based on the external standard (ES) equations.
Carlton bulb tissue was used as control for all tissue culture sample
analysis.
Field (organized) tissues showed a higher amount of galanthamine
than the culture derived samples on a fresh weight (FW) basis (Tables 1
and 2). Among the field samples, Carlton basal plate tissue contained
the highest (1250 μg Gal/g FW) amount followed by bulb (1110 μg Gal/
g FW) and leaf tissues (420 μg Gal/g FW). Basal plate tissues (830 μg
Gal/g FW) and bulb tissues (960 μg Gal/g FW) of Carlton dormant bulb
showed slightly less galanthamine content than harvested bulbs after
flowering (Table 1).
This pattern of galanthamine production supports the previous
findings obtained from Narcissus species. Previous findings on the
amount of galanthamine from field grown bulb (2000−2800 μg/g Gal
DW) and leaf tissues (500−800 μg/g Gal DW) of Narcissus 'Carlton'
showed higher amounts than our findings (Lubbe et al., 2013). This
increased amount could be due to the dry weight basis quantification
and also they used different method of alkaloid analysis (NMR) that
also might affect the results. Among the tissue culture derived samples,
the callus contained low levels or no galanthamine. There was a trace
amount of Gal (1.0–7.0 μg Gal/g FW) in callus cultured on MS medium
supplemented with high auxin but no galanthamine in callus obtained
from low auxin medium (Table 2).
However, differentiation of callus to regenerated tissues (small
bulblets or white shoots) grown on low auxin medium showed an in-
creased galanthamine level (13−50 μg Gal/g FW). Direct bulblets
grown from the base of twin-scales and white part of their shoots
contained less galanthamine (10−215 μg Gal/g FW) than the photo-
synthetic part (green shoots) (97 and 130 μg Gal/g FW) or the field
grown materials. Galanthamine was absent from root extracts (Table 2).
That indicates the increased production of galanthamine is closely re-
lated with cellular differentiation and as photosynthesis occurs in green
tissues so that these also have access to greater carbon sources. Gal
concentration in N. pseudonarcissus shoot cultures has been reported in
Fig. 7. Representative 1H NMR spectra from 0.7 ppm–8.0 ppm of Narcissus pseudonarcissus cv. Carlton field (A) and calli (B) samples representing the major groups of
metabolites with their representative peaks.
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a previous study showing the amount varied from 10−80 μg/g DW
with the highest amount reported 100 μg/g, based on dry weight (El
Tahchy et al., 2011).
Similar findings were observed from in vitro cultures of N. confusus;
where callus had the lowest galanthamine content (0.03 μg/g DW)
followed by shoot-clumps (0.14 μg/g DW) and plantlets (1.43 μg/g DW)
(Codina, 2002). Another recent study also has reported the similar
pattern of lower Gal content in callus (30−60 μg/g DW) than in vitro
shoots (110−130 μg/g DW) of N. confusus (Berkov et al., 2014).
3.5. Metabolites identification
NMR-based analysis was performed to detect the metabolites pre-
sent in N. pseudonarcissus cv. Carlton field samples, tissue culture de-
rived calli, regenerated white shoots, direct white and green shoots.
Table 3 summarizes the important metabolites identified across
Carlton basal plate, Carlton bulb, callus, regenerated white shoot grown
from callus; direct white shoot and green shoot grown directly from the
base of twin-scale with a total of 230 peaks. Representative 1H-NMR
spectra for field (bulb and basal tissue) and calli showing the major
groups of metabolites with their relative positions (ppm) are shown in
Fig. 7.
The differential presence of identified metabolites in different tis-
sues was generated with the help of one-way ANOVA (heatmap) ana-
lysis and the groupings of samples was performed using multivariate
PCA analysis by MetaboAnalyst 3.0 (Xia et al., 2015).
The ANOVA analysis showed that 225 peaks were significantly
different among the samples under analysis. The MetaboAnalyst para-
meters for ANOVA analysis were: data normalization by mean and
pareto-scaling, p-value threshold set to 0.05 and Fisher’s LSD was used
for the post-hoc analysis. In previous studies, ANOVA has been used to
identify significant differences between datasets for the quantification
of amino acids, fatty acids, sugars and alkaloids in Narcissus bulbs prior
to principal component analysis (PCA) as performed in the present
study (Lubbe et al., 2012, 2013). The relative concentrations of meta-
bolites involved in the tyrosine and phenylalanine metabolism
(Table 3), the initial compounds involved in Amaryllidaceae alkaloid
biosynthesis, are represented in Fig. 8. Some metabolites showed large
variation among treatments (error bars) may be due to the different
bulbs used for sample preparation causing treatment variations as well
as normalization of metabolite data to standard (AMIX) (Fig. 8).
It was observed that the precursors (Fig. 8) for the production of
Amaryllidaceae alkaloids were present in higher concentrations in field
samples and other in vitro tissues than callus. The presence of high
amount of tyrosine and tyramine in field tissues could relate to the
higher amount of galanthamine accumulation in field tissues (Table 1).
A NMR-based metabolomic study has previously shown the presence of
high amount of tyrosine in Narcissus bulbs, which was predicted to
relate to the up-regulation of the phenylpropanoid pathway for the
biosynthesis of phenolic compounds (Lubbe et al., 2013).
Fig. 8. ANOVA boxplot representing the relative concentrations of significantly different metabolites (peaks or signals) involved in tyrosine and phenylalanine
metabolism among all samples under study (field samples = CB and CBS; callus = CAL; regenerated white shoot = RWS; direct white shoot = DWS and green shoot
= GS). Two sets of tyrosine (1 and 2) are due to the presence of two signals. CB = Carlton bulb tissue, CBS = Carlton basal tissue. Error bars = SE.
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Calli differentiation in regenerated white shoots showed increased
amount of tyramine, succinylacetone and 3-phenypropionate which are
also involved in phenylalanine and tyrosine metabolism. Therefore, the
detection of these metabolites in differentiated tissues could be in ac-
cordance with the higher content of galanthamine in differentiated
tissues (direct, regenerated and green tissues) than callus that was ob-
served in GC–MS analysis (Table 2). The reason behind the higher ac-
cumulation of different primary and secondary metabolites in orga-
nized tissues (bulblets or shoots) could be related to their nature of
accumulation in specific or organized tissues (Dias et al., 2016).
A three-component model PCA explained 89.7 % of the total var-
iance (Fig. 9) with 4th and 5th components explaining an additional 4.7
% and 1.6 % variance respectively. The first two principal components
accounted for maximum variance (65.9 %) in the dataset. In the score
plot of PC1 and PC2, the field samples (bulb and basal plate) were
clearly separated from each other and from the in vitro tissues along
PC1and PC2 (Fig. 10A). However, some replicates of callus, direct white
and green shoot were overlapped with basal plate along PC1. Re-
generated white shoot, basal plate, and bulb tissues were clearly se-
parated along PC2 (Fig. 10A).
The samples with the lowest score on PC1 and PC2 (most to the left
on score plot) were callus, clearly distinguished from field tissues with
middle scores and from the in vitro regenerated white shoot tissue in the
high scoring area of PC2. Thus, the regenerated white shoot cluster was
highly correlated with PC2 variance (28.1 %) and callus cluster showed
highly negative correlation with both PCs variance. The basal plate
showed moderate correlation with both PCs while bulb cluster mainly
showed correlation with PC2 but moderate correlation with PC1 var-
iance. On the other hand, green shoot and direct white shoot clusters
showed positive correlation with both PCs variation except one re-
plicate of direct white shoot (Fig. 10A).
The corresponding loadings of assigned sample clusters in score plot
are represented in a loading plot (Fig. 10B). It showed the distribution
of metabolites, which were responsible for the separation of the samples
under study. The most important signals assigned to callus were su-
crose, glucose, lactose, galactitol and glucitol. Metabolites responsible
for bulb clustering were 5-aminolevulinate, lactate, galactarate, tyr-
osine, proline, glycolate, and galactonate. Alanine, arginine, betaine,
carnitine, tyramine, xylose and cadaverine were observed as important
signals for regenerated white shoot cluster. However, most of the me-
tabolite signals were found to be densely situated on the cluster from
the basal plate, direct shoot, and green shoot. The metabolites assigned
for their separation from the other samples were mainly p-cresol,
biotin, thymol, proline, 4-aminobutyrate, and 3-hydroxymandelate.
NMR-based metabolomics has many applications in plant science
including differentiation of plants from different origins, environments
or after different treatments (Kim et al., 2010). This study showed
NMR-based metabolite identification of N. pseudonarcissus cv. Carlton
grown in two different environments; naturally grown field samples and
artificially controlled tissue culture samples. Most of the metabolites
detected in the field tissues (bulb and basal plate) in this study were
similar to those that have been previously reported in studies using
Fig. 9. A three-component pair wise score plot between the selected PCs for field and in vitro tissues, representing variance of each PC in the corresponding diagonal
cell. CAL = callus; CB = Carlton bulb tissue; CBS = Carlton basal plate; DWS = direct white shoot; GS = green shoot and RWS = regenerated white shoot.
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GC–MS (Berkov et al., 2011) and NMR-based extraction from N. pseu-
donarcissus cv. Carlton bulbs (Lubbe et al., 2011, 2012, 2013). Lubbe
et al., used a similar PCA (score and loading) approach as used in this
study to identify the metabolic differentiation in Narcissus bulbs sub-
jected to different levels of fertilizers (2011); different fungicide treat-
ments (2012) and the effect of growing season on Narcissus bulb, leaf
and root metabolite production (2013). These studies have also re-
ported the NMR-based identification of Amaryllidaceae alkaloids such
as galanthamine, haemanthamine, narciclasine, and lycorine. In our
study, it was not possible to identify any such alkaloids due to the lack
of alkaloids in the reference library (Chenomx). However, precursors
responsible for the production of Amaryllidaceae alkaloids such as
tyrosine, tyramine, 3-phenylpropionate, p-cresol, and succinylacetone
were detected in samples under analysis. Mahmud et al. (2015) also
reported the detection of tyrosine in sugarcane calli, which was also
observed in Narcissus calli (Fig. 8).
The relative intensity of notable sugars (e.g. glucose, sucrose and
lactose) and sugar alcohols (glucitol and galactitol) signals were higher
in callus than all other samples. This could relate to the callus meta-
bolism in media supplemented with sucrose based carbon supply. High
amounts of glucose and sucrose were reported previously in both C.
roseus and sugarcane calli (Yang et al., 2009; Mahmud et al., 2015).
Elevated glucose and sucrose has also been reported earlier in an NMR-
based metabolomic study on protocorm callus cultures of Vanilla pani-
folia (Palama et al., 2010).
4. Conclusion
This study described a complete and reproducible tissue culture
method for Narcissus pseudonarcissus cv. Carlton to obtain an adequate
number of different types of tissues and also showed the amount of
galanthamine in different tissues obtained from different growth con-
ditions (field versusin vitro). Carlton field samples showed higher
amount of galanthamine content than in vitro grown tissues. However,
among in vitro tissues, the higher galanthamine level was observed in
differentiated tissues such as bulblets and shoots than undifferentiated
callus. Moreover, other metabolites responsible for the alkaloid pro-
duction including amino acids, organic acids and carbohydrates were
also detected in samples under analysis. However, further analysis at
molecular level would insight the underlying reasons for the accumu-
lation of different amount of alkaloids in different tissues.
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